Access to the full text of the published version may require a subscription. ABSTRACT. Thin and ultra-thin polymer films combined with nanoparticles (NPs) are of significant interest as they are used in a host of industrial applications. In this paper we describe the stability of such films (h poly ≤ 30 nm) to dewetting; specifically how the development of a spinodal instability in a composite NP-polymer layer is controlled by the embedding of Au NPs.
INTRODUCTION
The stability of pristine thin polymer films [1] [2] [3] and composites, where the polymer film is combined with metal/dielectric nanoparticles [4] [5] [6] or with thin continuous metal/dielectric layers, [7] [8] [9] is studied as it has direct application to coatings, adhesives and electronics. 4, 5, [10] [11] [12] Thin polymer films covered by nanoparticles represent an intermediate case between pristine thin polymer films [1] [2] [3] and capped films [7] [8] [9] i.e. films covered by continuous solid layers. There has been increased interest in this intermediate case recently as nanoparticles (NPs) positioned on polymer surfaces (or within polymer films) can modify local polymer structure. 13, 14 Thus, the presence of NPs can lead to unique electrical, mechanical, optical sensing, catalytic sensing, and antimicrobial properties that can be tuned by varying the NP size, shape, type, and/or surface functionality. [15] [16] [17] Despite the number of applications, understanding of the dynamics of thin or ultra-thin nanocomposite layers is still in its infancy when compared to pristine polymer films.
Hence, their dynamics can be described only in a limited sense by adjusting the existing theoretical framework for pristine-polymer film dynamics to include new terms reflecting additional interactions.
In this paper we investigate the stability against dewetting of ultra-thin polystyrene films (25 nm ≤ h poly ≤ 30 nm) covered by metal nanoparticles. Also, the work aims to emphasize the role of nanoparticle-substrate interactions during nanoparticle embedding. These aspects were not previously considered in the literature mainly because the vast majority of the experiments were performed on relatively thick films (100 nm ≤ h poly ≤ 500 nm) of polymers and/or with larger molecular weight. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In general, the stability against dewetting for Au NP-covered thin polymer films can be predicted by the total interaction potential between the air-polymer and polymer-substrate interfaces. In a previous paper, 18 we have shown that the total potential Φ controlling the system stability is a combination of the van der Waals interaction between the two polymer interfaces and p d represent the fractional coverage and the number particle density, respectively. When no
Au is present Φ = Φ poly (h poly ), the film becomes metastable (e.g. polystyrene films with thicknesses larger than 20 nm are known to be metastable on Si substrates covered by a native oxide layer [1] [2] [3] ) and it dewets via nucleation. For low coverage and particle density the Φ poly (h poly )
dominates and the film remains metastable. 18 When Au is present and the C f and p d are above a certain threshold the Φ AuNP (h poly , R p ) term becomes dominant. The system is unstable and able to develop a spinodal instability that patterns the polymer film. 18 The change in the amount of Au was governed by the NP aggregation 18 and the existence of a thin capping layer (created by the interconnected NPs through bridging chains) was hypothesized. The pattern wavelength increases with heating time and it is also accompanied by a similar increase in roughness. 18, 19 However, once the coverage decreases and the distance between particles becomes larger than the connectivity limit between them, the film becomes flat. 18, 19 Based on these previous studies, we expect for the particular case of ultra-thin polystyrene films (25 nm ≤ h poly ≤ 30 nm) covered by a Au layer with nominal thickness of 1 nm presented
here that a spinodal instability should develop as the initial coverage is above the critical threshold. 18 Indeed, this phenomenon takes place. However, in the current work the film and the pattern dynamics differ from the previous cases investigated as the Au NPs do not remain at the film surface, but embed in the film. This embedding only leads to changes in the pattern roughness while the wavelength remains constant.
EXPERIMENTAL METHODS
Ultra-thin polysterene [PS10, M w = 10 kg/mol, R g = 2.59 nm, M w /M n = 1.05, Sigma-Aldrich, UK] films were obtained by spin coating from 2 -3% (w/w) polymer solution in toluene onto Si substrates (with native oxide, h SiOx ≃ 2.0 nm) with a resistivity of 2 -3 Ω cm. Ultra-thin PS10 films with thicknesses of 25, 26, 28 and 30 nm were obtained (see Figure S1 in Supp. Inf.). Prior to spin coating the Si substrates were cleaned in a jet of CO 2 ice crystals. Au layers with nominal thickness of 1 nm were then sputtered at a low rate (0.09 nm s −1 ) onto the polymer thin films creating a Si/SiO x /Polymer/AuNP/Air configuration (further details in Supp. Inf.). [18] [19] [20] [21] The deposition led to uniformly distributed NPs (Figure 1a) on the polymer surface in the central region of the samples (see Figure S2 ) allowing a direct comparison between Si/SiO x /Polymer/Air (Figure 1b) and Si/SiO x /Polymer/AuNP/Air regions (Figure 1c-g ). The mean radius value of the NPs was R p ≈ 1.55 nm and the fractional Au coverage was C f ≈ 0.14.
The same Au spatial distribution, fractional coverage and particle size was obtained for all samples, independent of the polymer film thickness.
The sample with thickness of h PS10 = 25 nm was repeatedly heated, removed, cooled and analysed for several heating intervals of increasing duration, starting at t = 1440 min up to a total heating time of 37440 min (Figure 1) . The change in roughness and wavelength was monitored and recorded (see Figure 2a) . As the wavelength remained constant throughout the experiment, the samples with polymer thicknesses of 26, 28 and 30 nm were expected to exhibit similar behaviour and were extracted after single heating time steps i.e. 4320, 10080 and 20160 min, respectively (Figure 2b) . All experiments were performed in a closed air environment in an oven at 170 ºC.
Au atoms are expected to embed within the polymer matrix as a result of the sputter deposition, but, for the deposition parameters used here (see Supp. Inf.), the amount of Au implanted below the interface will be smaller than 0.1 of a monolayer (see Ref.
11 and 18 for further details). Moreover, once above the glass transition temperature, these atoms are the first to diffuse and aggregate with the larger Au clusters/NP due to their large diffusion coefficient. 18 Optical imaging and roughness measurements were performed using a MicroPhase camera (PhaseView, France) placed on a Zeiss AxioImager A1.m microscope. The MicroPhase camera allows 3D visualization with highly repeatable non-contact optical surface profiling capabilities.
Roughness, R, is the root mean square average of polymer height deviations and was calculated using
, where ( )
is the local deviation of film height from the average value and N is the number of points where the height is measured. In this work a normalized roughness measure is used. 18, 19 In Figure 2a the roughness value measured for each time step is normalized to the mean value for all time steps. In Figure 2b the normalization is performed relative to the mean value of the roughness of the four samples.
The initial (t = 0 min) Au NP distributions were imaged using electron microscopy 18 and X-ray photoelectron spectroscopy (XPS). These methods allow the measurement of the concentration of Au present at the surface and the characterisation of possible polymer surface degradation during the heating steps. 12 Angle-resolved XPS was carried out to get an insight into the location 6 of the Au NPs. 22 By tilting the sample relative to normal, the measurements were made more surface sensitive, i.e. as the take-off angle decreases, the sampling depth decreases and near surface regions are probed.
RESULTS
Heating a thin polystyrene film (h PS10 = 25 nm) at 170 ºC for t = 1440 min allows for nucleation dewetting development 1, 18 in the uncovered polymer region (i.e. for
Si/SiO x /Polymer/Air). This permits a disordered pattern to emerge and to rupture the continuity of the polymer film (Figure 1b) . In contrast, in the Au NP covered region of the same sample (Figure 1 c-g ). This result differs from previous findings 18 for polystyrene films with thicknesses in the range 44-26 nm covered by gold layers with nominal thicknesses of 1-3 nm, respectively.
In those cases the pattern wavelength increases with the heating time. 18 The difference arises from the NP embedding that occurs in the samples studied here. In the earlier work 18,19 NP embedding was not observed, but NP surface aggregation was present. This difference is discussed later in this paper.
Starting with the same initial (t = 0 min) nanoparticle size and density the wavelength does increase as the polymer film thickness increases (see Figure 2b) . The wavelengths for h PS10 = 26, (Figure 2b ) if one considers that roughness has a similar evolution for all film thicknesses. Indeed, at similar heating times, the amplitude of the pattern (as reflected by the roughness) for the h PS10 = 25 nm sample decreases (see Figure 1 and 2a) . We conclude that a spinodal instability pattern develops in heated ultra-thin PS regions covered by Au NPs; the wavelength of the pattern is polymer thickness dependent but it is also time independent. With prolonged heating a stabilizing effect occurs on the film and the roughness decreases with time. Extrapolation of this decrease leads to a flat film.
To understand this stabilization process we monitor the Au NP position in the films with thicknesses (25, 26 and 28 nm) at different times (1440, 4320 and 10080 min, respectively) using XPS. The intensity of the Au 4f peak (from a depth of ~ 4.7 nm from the air-polymer interface)
is maximum at the beginning of the experiments (t = 0 min) when the Au nanoparticles are present at the film surface [see also Ref. 18] . With heating the intensity decreases and almost vanishes by t = 10080 min (see Figure 3a) . The decrease in Au present at the air-polymer interface is confirmed by the changes in Au concentration from the survey spectra ( Table 1) .
There are two processes previously reported in the literature that can lead to this decrease:
particle aggregation 6, [17] [18] [19] and/or their embedding in the film. 17, [22] [23] [24] The complete embedding of a NP into a polymer melt is expected if γ is the NP-polymer interfacial energy. 25, 26 This condition is satisfied for metal NPs on a polymer and, therefore, complete embedding is expected. However, the embedding does not always occur (as previously reported for experimental studies of Au NPs on polymers deposited by sputtering or thermal evaporation [18] [19] [20] [21] ). If the particles are embedded they can create a layer underneath the surface where the NPs can remain homogenously distributed. 25, 26 For polystyrene films the Au NP diffusion below the film surface proceeds with the formation of a wetting layer (1.3 -1.8 nm). 17 This layer covers the NP and creates a capillary pressure responsible for pushing the NP into the soft substrate until the NP is fully submerged. 17 Once under the surface the particles can diffuse and aggregate. The polymer film thicknesses are 25, 25, 26 and 28 nm. Due to the low resolution of the survey spectrum the Au 4f is seen as a single peak. Table 2 . Chemical assignments from the high resolution spectrum C1s signal t = 0 min t = 1440 min t = 4320 min t = 10080 min Name Energy (eV)
Conc.
(%)
Energy
(eV)
Conc.
Energy
Conc.
Energy
Conc.
(%) The assignments correspond to the data presented in Table 1 . The concentration is expressed as a percentage of C1s signal at respective times at the take-off angle of 90º (i.e. normal to the surface). The estimated analysis depth is ~4.7 nm.
At t = 1440 min the concentration of Au decreases from its initial value. Angle resolved XPS analysis (Figure 3b ) reveals, within a depth of ~1.6 to 4.7 nm from the surface, that the Au NPs 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 are evenly distributed beneath the air-polymer interface. This result suggests that by this stage the wetting layer already covers the particles and the NPs are pushed towards the bulk of the film. The decrease in concentration may be related to the aggregation that occurs during particle diffusion as mentioned above. However, it is also possible that some of the Au NPs diffuse below the investigation depth and, therefore, do not contribute to the XPS signal. Heating for t = 4320 min or 10080 min leads to further decreases in concentration at all measured depths. At these times the Au concentration decreases with decreasing take-off angle (or closer proximity to the surface). This confirms the NP embedding and suggests that the Au NPs are driven beyond the analysis depth of ~4.7 nm from the air-polymer interface.
In the survey spectrum at t = 1440 min (corresponding to the time the maximum roughness is measured) a Si2s signal is observed (see Table 1 ) and, given the additional increase in O1s signal at this time, we interpret these signatures as arising from the native SiO x layer under the polymer. At t = 1440 min roughness is at its maximum observed value (Figure 2) arising from a well-developed pattern (Figure 1 ) of large amplitude. As a result the polymer thickness in the pattern troughs can be smaller than ~4.7 nm. Since the XPS beam size is relatively wide (700 µm x 300 µm) the signal is acquired from both peaks and troughs. Consequently, the underlying native SiO x layer is observed. At later (heating) times, the pattern roughness decreases.
Therefore, the polymer thickness in the troughs increases. As a result the SiO x layer is no longer observed. Indeed, at t = 4320 min or 10080 min a Si signature is no longer detected in the survey spectra. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 an intensity of ~ 1/5 from the first one) represents a PS signature. The spectra were analyzed using Casa XPS software and the assignments made using NIST X-ray Photoelectron Spectroscopy Database, version 3.5. The minimum number of peaks was used for fitting the spectra. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The changes in the high resolution C1s spectrum (see Table 2 ) give information on the chemical changes that occur in the polymer film due to heating. The initial Au plasma sputter deposition leads to partial degradation of the polymer film (t = 0 min), the incorporation of oxygen, and formation of carbon-oxygen compounds. As Au embeds, the degradation increases (t = 1440 min), but at later times (t = 4320 and 10080 min), as a result of evaporation, the fraction of pristine polymer increases, as reflected by the increased intensity of the main C1s peak and (Π→Π*) shake-up satellites ( Figure 4 and Table 2 ). In fact, the effects of thermal degradation seem absent by t = 10080 min as only the pristine polystyrene signature is visible in the C1s spectrum (Figure 4d) . Therefore, as previously reported, 18, 19 thermal degradation plays only a secondary role. The pattern roughness is controlled by changes in Au NP distribution. We also note that for the studied samples 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Different mechanisms can be hypothesized to explain these experimental findings. One is that the roughness reduction might be due to chemical degradation (as a result of the thermal heating in air) followed by a subsequent evaporation of the polymer. Indeed, by t = 1440 min chain scission and cross-linking may have occurred and new carbon species formed as indicated in Table 2 . Chain scission (if significantly present) would lead to lower viscosity enhancing the growth or the decay of the pattern features; neither enhancement was experimentally observed.
Continuous cross-linking might lead to increased rigidity of the film, thereby, freezing-in the pattern development. Evaporation of chemical species (like C=O present at the surface) could then lead to a thinning effect and therefore, the film roughness would decrease as observed. Such a situation might also account for a constant wavelength. However, the emergence of the Si signature in the survey spectrum (t = 1440 min) and its later disappearance indicate that the decrease in roughness is not dominated by evaporation. Otherwise more and more underlying substrate would be exposed and this signal would increase. If the polymer is significantly crosslinked, the amount of Au in the first ~4.7 nm from the surface should remain constant or only marginally reduce as the Au becomes trapped in a solidifying polymer. Neither effect is observed. On the contrary, by t = 10080 min we observe a decrease in the Au 4f, and the disappearance of the Si2s peaks. Therefore, we conclude that thermal degradation cannot play a major role in the film stabilization (by t = 10080 min at least) as it is inconsistent with the experimental findings.
The presence of a capping layer that embeds with the NPs would lead to changes in viscosity and surface tension. Such a layer may be formed due to bridges i.e. polymer chains that interconnect the Au NPs. We have shown that this bridging effect is related to the particle size and the edge-to-edge distance between the Au NPs. 18 The layer would increase the viscosity of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the upper surface and the surface tension. As the particles diffuse into the polymer film they might remain interconnected with less and less Au present in the first ~ 4.7 nm. This would lead to an embedded nanocomposite layer within the film. Consequently, the viscosity and surface tension would change. However, a change in the surface tension would lead to a change in the pattern wavelength 3, 18 and this is not observed.
Another possible explanation is that the reduction in pattern roughness is a relaxation effect.
Such an effect can appear once the coercive field causing the initial surface undulations is "switched off". A similar reduction in roughness without change in feature wavelength was reported for sinusoidal surface waves of a viscous liquid created using nano-imprinting. 27 After imprinting, heating of the polymer film above its glass transition temperature causes the amplitude of the surface wave to decay exponentially in time. 27 Here, as long as Au is present in sufficient amount at the surface the effects of the spinodal instability development are observed.
As the Au particles embed a certain distance below the air-polymer interface, the coercive field cannot sustain the surface undulations, the pattern roughness diminishes and the film tends to become flat. We previously 18 found that the amount of Au measured by XPS (normal incidence) agrees with SEM surface observation. Here, by t = 1440 min, Au coverage at the air-polymer interface decreases by 50% (see Table 1 ) and no Au is seen on the polymer surface by SEM. At this point the maximum in the pattern roughness is measured (Figure 2b ) and the presence of the SiO x signal in the XPS spectrum indicates the pattern is well developed (see Table 1 and earlier).
However, by t = 10080 min the Au concentration decreases by ~97%, the roughness decreases by more than 50% and the SiO x signal is absent. The roughness decrease extrapolates at later times to a flat film. Thus, the decreasing Au coverage as a result of embedding correlates with 16 However, as coverage reduces to ~1/3 of its initial value, the film is observed to be flat when Φ is dominated by the polymer potential Φ poly . For a thicker PS film, however, no embedding occurs.
The reduction in coverage is due to a surface aggregation and rearrangement process, and the pattern wavelength increases gradually. Here, in the thinner PS film, embedding is the factor driving the reduction in coverage. As the NPs embed the system changes from a to Au. 18 As a result of embedding, the total potential Φ is dominated by the stabilizing factor Φ poly , and the system returns to a (meta-)stable state. This is, in fact, the natural state of thin polymers that have nanoparticles as fillers, but their presence retards nucleation dewetting.
5, 29, 30
The stability and evolution of pristine liquid films is relatively well understood and can be described by continuous models that capture the behaviour of the film thickness profile using 32, 33 From a theoretical perspective the experimental findings presented in this study might also be captured by a system of coupled equations describing the height profile evolution of the thin liquid film and particle distribution on or within the film. 19, 32, 33 The total energy functional of the system is complex and will contain terms describing the van der Waals interaction between the two polymer interfaces, the interaction between the Au NPs and the underlying layers, the particle embedding and the particle-particle interaction (and their aggregation) at the surface (and/or within) the film.
19,32,33
Such coupled equations allow for dispersion curves with single or two dominant wavelengths, but also allow a flat film solution. 19 In the this study the time evolution of the process involves a uniform and homogenous spatial distribution of the particles at the surface at t = 0 min. Above the polymer glass-transition temperature the film becomes liquid and the system develops a single spinodal instability. When the NPs embed the dynamics move to a stable fixed point and the system returns to a flat film state i.e. to a stable flat film solution of the coupled equations.
The absence of a secondary instability mode is consistent with the absence of Marangoni forces due to variation in particle density [see Ref . 19 for details].
Based on the experimental results presented here and in our previous work, [18] [19] one expects that the stability of flat film steady states depends on the particle distribution (on the surface or within the film) and on the film thickness range. 2, 31 Au coverage is the determining factor as a result of either embedding, here, or aggregation, reported previously. [18] [19] It is anticipated that the dynamics of a nanocomposite thin film follows a heteroclinic connection between unstable and stable solutions 2, 31 of the system as the Au NP coverage decreases. Analysis and prediction of the linear stability of a polymer film containing NPs at a given depth is non-trivial as the volume number density of the nanoparticles ߩሺ‫,ܚ‬ ‫ݐ‬ሻ (where = ‫ݔ‬ • ଓ̂ + ‫ݕ‬ • ଔ̂+ ‫ݖ‬ • ݇ ) should be known. This is crucial as the density ߩሺ‫,ܚ‬ ‫ݐ‬ሻ controls the total interaction potential. 19 Moreover, the presence and the development of an aggregation process (if any) within the polymer film should firstly be established as it could affect both the NP size and volume number density. In this study, only the Au depth position of NPs was determined.
Therefore, to evaluate the NP size and their volume number density within the polymer further experimental studies are necessary. These will require real-time in-situ monitoring (see Ref. 11 and 12) of the surface topography and NPs. Such studies are, however, beyond the purpose of this study.
In our previous studies 18, 19 we observe that during heating the Au NPs do not embed. The reduction in coverage is solely attributed to Ostwald ripening and/or slow aggregation 18 of the Au on the polymer surface or through a cluster-cluster limited aggregation process (when the Au NPs have high mobility 19 ). Here, however, in contrast to our previous study 18 the nanoparticles embed for similar initial conditions. As mentioned earlier, in both cases complete embedding is the nanoparticles will not embed (see Figure 5) . The boundary between these preferred states will be given by 0 = ∆f . As seen in Figure 5a , for Au
NPs with similar R p , the embedding is dictated by the polymer film thickness. Thus, for the thinner polymer films presented in this paper, the particles embed as 0 < ∆f . For thicker polymer films the particles remain at the surface ( 0 > ∆f ) and are free to aggregate as previously described. 18 For poly(methyl methacrylate) (PMMA) films NP embedding is not expected (Figure 5b ) and, indeed, does not occur. 17 Instead, because the particles have large mobility, they are free to aggregate through a cluster-cluster diffusion limited process and can even induce a bi-modal spinodal instability. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 APPENDIX The interaction energy between a sphere of radius R (here represented by the Au NP) and a layer of finite thickness h separated by a distance d (see Figure 6a) is following Tadmor et al. 34 given by
where 1 A is the Hamaker constant describing the van der Waals interactions between the different media. Rescaling all depths and thicknesses in terms of a natural depth scale ξ such that
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The NP also interacts with the underlying Si substrate through the polymer as shown in Figure   6c . The thickness of the Si substrate is orders of magnitude larger than the polymer film 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 thickness and NP radius and, therefore, we can treat it as being semi-infinite. The interaction energy of a solid sphere of radius R with a semi-infinite wall separated by a distance d is following Tadmor et al. 34 given by
In non-dimensional form (see earlier) this becomes 
The interaction energy of the surface NP through the polymer film with the native SiO x layer (see Figure 6d) 
The total interaction energy difference between the surface and embedded NP configurations is
The entropy difference between the at-surface and embedded NP configurations is obtained using: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Finally using Equations A. 
The ancillary material contains further details on the experimental procedure used for sample preparation and their investigation. This material is available free of charge via the Internet at http://pubs.acs.org.
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